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Failure of equipment or tools included examples of critical equipment such as radar and communications failures. 

Equipment failures are highly visible and well documented in the literature. Another category of technological cause 
of degradation was limitations to automation; the tool worked as designed, but the tool may not function optimally in 
specific environments. For example, the conflict probe and alert tool is an automated safety tool that indicates when 
two or more aircraft are on a trajectory to lose separation minima. Controllers acknowledged the tool can support 
safety, Òthere are times when you forget something. You know it is there. But you just forgot about it. You have this 
Conflict AlertÓ (Participant 6). However, several controllers criticized the tool for not being useful in an environment 
with a lot of climbing and descending traffic, such as TRACON. Due to the parameters for when the alert should 
occur, the tool Òis just constantly going off it is not much help and you tend to tune it outÓ (Participant 10). This can 
lead to distraction, as well as the controller ignoring a real alert. This finding highlights the importance of tool 
reliability, ÒIf it doesnÕt work we just say forget it. ItÕs unreliableÉUntil someone proves to me that itÕs going to work 
IÕm not going to base my career on accidentally running an airplane into another guyÕs sectorÓ (Participant 7).  

A general concern was raised by several controllers that more automated tools do not allow for the flexibility 
needed to respond dynamically to changes in the air traffic environment, exacerbating workload and potentially 
limiting the strategies available to mitigate effects of a degradation cause, ÒSoftware engineers theyÕre designing the 
routes and theyÕll say, well, heÕs doing 160 knots and thatÕs this many miles per minute and descending at this rate, 
so if he gets here then this guy should only be here. [But] thereÕs weather, thereÕs emergencies, thereÕs pilot errorsÓ 
(Participant 7). Finally, controllers raised concerns that automated tools could indirectly affect the system through 
issues of skill degradation and complacency, highlighting the importance of training to maintain skill and contingency 
plans. Several controllers also raised concerns regarding the influence of technology of future traffic levels. With 
increased automation and predictability, increased traffic levels are possible due to workload reduction. However, a 
concern was raised relating to whether controllers would be able to manually control the higher traffic levels if the 
automation failed, ÒEverything is working fine and dandy and then it doesnÕt work. Can you keep up with the inter-
phone, radio calls, and I still have to talk to the people around meÓ (Participant 7). The severity of the impact of 
technological causes on the ATC system appeared to be influenced by the function of the technology, ÒAny tool, if 
youÕve got a tool that youÕre working with and youÕre relying on it to do something for you, if it fails it make things 
harderÓ (Participant 2).  
 
2.! Environmental Causes of Degradation 

Participants reported that unexpected occurrences happen frequently in the control environment, and usually with 
specific nuances. For example, an aircraft emergency could take multiple different forms. However, in broad terms, 
the most common environmental events that were reported to have the potential to result in system degradation were: 

¥! Weather  
o! Thunderstorms 
o! Turbulence 
o! Fog (Tower only) 

¥! Aircraft emergency 
¥! Pilot requests 

Causes could directly impact the air traffic control service, for example, an aircraft emergency on a runway that delays 
arrival traffic, or indirectly, through associations with performance-influencing factors. For example, during a 
thunderstorm, controllers often allow pilots to deviate around the weather at their discretion, and from this, attempt to 
create a new route for aircraft to follow. This reduced-control situation results in increased monitoring and workload; 
ÒThey say we want to deviate left. When they say deviate left, now I'm really having to focus on that... How far is he 
going to go before he gets back on this normal routeÓ (Participant 5). Although these causes were the most frequently 
discussed, participants emphasized that the occurrence of one of these events does not necessarily result in a negative 
impact on the safety or efficiency of the ATC system. The causes themselves had different characteristics and could 
differ in severity. For example, a thunderstorm which is large and covers multiple altitudes has a greater impact on 
controller workload and efficiency of traffic than smaller, more localized thunderstorms ÒIf thereÕs severe turbulence 
and you only have one smooth altitude, everybodyÕs going to want to be at that smooth altitudeÓ (Participant 2). In 
addition, several ÔbackgroundÕ environmental variables were identified that moderated the complexity of the traffic 
situation. Many of the reported variables related to increased complexity or airspace constraints. Table 2 lists some of 
these factors as noted by controllers. 
 

Table 2 Environment factors that moderate traffic complexity  
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could have weather and military and that complexity has gone up with five airplanes more than when you had 30Ó 
(Participant 2).  
 Fatigue. Sources of fatigue were linked to controlling tasks as well as external sources such as illness or not getting 
enough sleep. Fatigue was associated with several negative performance affects. Controllers reported feeling 
cognitively ÔslowerÕ as a result of fatigue, developing poorer plans, and spotting the development of issues later ÒWhen 
you do start to feel that mental fatigue, and you're falling behind, stop, get your priorities straight, and get back, and 
get workingÓ (Participant 4).   
 Stress. Participants emphasized the distinction between work-related stress and personal stress. Controllers 
frequently reported that job-related stress was generally task-related, associated with high workload or complex traffic 
situations. Many participants felt that stress on the job could be exacerbated by external sources of stress ÒI really 
didn't feel like there was stress, but if something else was really going on in my life, I could feel stress at workÓ 
(Participant 3). Stress was experienced as having a negative influence on performance Òwhen you are stressed, your 
mind is racing more, your adrenaline is flowing more so you are not able to think as clearly and I think you miss more 
things, overlook things, which makes things even worse, which raises your stress even moreÓ (Participant 7).  
 Inadequate vigilance and SA. Vigilance decline and inadequate SA were perceived to be the result of other human 
factors influences, such as high workload or fatigue, ÒIf you are that focused on the opposite side of the scope the next 
thing you know it will surprise you. Wow, I forgot about this guyÓ (Participant 6) as was inadequate SA, or Ôlosing 
the pictureÕ. Vigilance and SA are related Ð without sufficient vigilance, controllers will have an incomplete picture 
of the traffic situation. Both vigilance and adequate SA has been repeatedly shown to be essential for the work of 
ATCOs. Inadequate vigilance or loss of SA can result in declines in performance and safety-related events. 
 Teamwork. Teamwork was confirmed to influence performance both positively and negatively, depending on the 
characteristics of the teamwork. ÒA good D-side kind of looks and sees whatÕs going on, experienced controller 
working that, and they take care of youÓ (Participant 2) and served to mitigate the influence of human factors. 
However, inadequate teamwork, characterized by being reactive, waiting for instruction or not being vigilant, could 
exacerbate a high workload situation Òif someone is not helping you or pointing things out or doesnÕt care what is 
going on in your sector, then that makes things harder on youÓ (Participant 7). Interestingly, controllers felt that 
teamwork primarily influenced performance when working busy traffic: ÒLow traffic teamwork really doesnÕt come 
into play. It is when the stress levels move up and the work is harder and there is more going on that is when the 
teamwork really comes into play. It is not just teamwork between a coordinator and a radar guy. It is other sectors 
that are planningÓ (Participant 8). 
 

Implications  
Although this section was not a comprehensive review of all human factors that can influence degradation, findings 

revealed that controllers have experienced negative associations between specific human factors and performance. 
Performance-influencing factors may contribute to system degradation through controller performance decline, and 
may also prevent the application of sufficient mitigation strategies. Therefore, the prevention and mitigation of the 
influence of human factors associated with performance is critical to system safety. 

C.! System Degradation: The Contribution of Interactions 
It became evident from participant responses that degradation causes do not occur in isolation. Interactions occur 

between multiple system elements occur to contribute to overall system degradation. Having previously discussed the 
contribution of single factors (associated with technology, the environment and human operators) to degradation in an 
ATC system, the following sections explore the contribution of interactions between important system elements to 
degradation. One of the principal differentiations between interaction relationships was between co-occurrence and 
association. Co-occurrence of causes of degradation is defined as when two independent causes of degradation occur 
at the same time, such as an aircraft medical emergency occurring at the same time as a thunderstorm. Conversely, 
interaction between degradation causes can result through association, in which one degradation cause is related to a 
secondary cause. Both co-occurrence and association relationships occur within and between categories of degradation 
cause (technology, environment, human operator), as well as between wider elements of the degradation framework, 
including causes, prevention strategies and recovery mechanism, creating a wider systemic effect.  

 
1.! Co-occurrence of Degradation Causes  
Causes of degradation can co-occur, often resulting in a compound effect on ATCO performance and the ATC system. 
Participants provided examples of the co-occurrence of multiple causes, both within and between degradation cause 
categories. 
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Between Categories 
Interactions can occur between technological events and environment events. Examples include the failure of 

critical equipment such as radar or radios whilst there is a thunderstorm. One controller relayed an experience of 
weather issues as well as radar outage ÒWe had about 17 or 18 operations. It was IFR weather this one particular 
night. Maintenance called, they took the radar. I had nothing but the raw primary radar and the beacon targets. I was 
attempting to keep these guys separated by three more miles while they were doing their approaches. I just barely had 
the picture - If I had looked away at all, I would have lost thatÓ (Participant 3). The combination of these two issues 
resulted in a task demand for the controller, larger than what would have been experienced if only one of the causes 
had occurred. In turn, this resulted in the potential loss of SA and reaching performance limits. A second example is 
between technological or environmental events and the human factors that can influence a controllersÕ state. 
Interactions between the controllersÕ state and causal events, either technological or environmental, can interact. One 
controller noted ÒIf you’re tired and fatigued, it’s always going to add to a bad day. You would just be slower to react 
to thingsÓ (Participant 5). These co-occurrences can create a compound effect on the controller that will be more 
likely to affect performance negatively, as well as influence the ability to effectively mitigate the effects of the event.  

 
Within Categories 

Elements can co-occur within categories of degradation cause, such as technological causes or environmental 
causes, for example, a medical emergency occurring at the same time as a thunderstorm. In this example, the response 
to the emergency may be made more complex by the limited usable airspace resulting from the thunderstorm. Section 
7 reviewed the interaction between primary environmental causes and background factors such as traffic level and 
airspace design, which is also an example of within-category interactions of co-occurring factors. The relationships 
between human factors are highly complex, and many are related. However, some factors can co-occur independently. 
For example, a controller may be fatigued due to lack of sleep, and then work with someone who is has poor teamwork 
skills. One controller provided the example of personal stress with workload ÒWhile you’re working you have to sit 
there and work but you also have to think of the things that are going on. Like if you’ve got a crisis at home with the 
kids or something like that. It weighs on your mindÓ (Participant 3). Co-occurrences may interact to increase the 
likelihood or severity of impact on the system. 
 
2.! Relationships between Causes of Degradation 

Between Categories 
Functional Failure. An important finding was identified when controllers spoke about technology use in 

association with environmental off-nominal events. Controllers spoke frequently about automated tools, and the 
intended function of the automation, such as reducing workload or supporting efficient traffic flows. However, in 
specific environmental circumstances, although the tool was technically operational, the intended function of the tool 
was compromised, lending itself to the terminology of Ôfunctional failureÕ. This is a well-known concept to controllers, 
with one participant saying quite flippantly Òtools that they need don’t work or can’t use them because of weather or 
whateverÓ (Participant 4). 
 An example of functional failure is the use of datalink communications during a thunderstorm. Controllers reported 
that during a thunderstorm, datalink communications would not be adequate to control effectively ÒDirect 
communications are extremely important. Using automation in a normal flow of traffic is fine. But increasing capacity 
or in emergency situations or heavy traffic situations, it becomes a detriment more than an assistance and helpÓ 
(Participant 6). Controllers also provided their own examples of this effect, such as with the safety tool of auto-
handoff ÒIn a terminal environment, itÕs very unreliable. It doesnÕt work very well. Rarely do we use [it] (Participant 
7).  

Depending on the toolÕs function, this interaction can have a negative impact on the ATC system. For example, if 
a toolÕs function was to reduce workload, and the function is lost due to an interaction with the environment, controllers 
now not only need to respond to the additional complexity and associated workload from the event, but also experience 
additional demand from the loss of the toolÕs function. Using the datalink example again, one controller predicted 
ÒYou would be verbalizing instead of putting in a trial route and sending it by data link. I think if I was at peak 
numbers and then had to do that, that would push me over the edge. Things wouldnÕt get doneÓ (Participant 2). In 
addition, because the tool has not technically failed, there would be no obvious indicators that the actual function of 
the tool is compromised, resulting in the controller experiencing a potentially higher workload without support. 
 The effects of this type of interaction also have implications for future ATC systems.  The function of automation 
or new traffic systems is often to reduce controller workload in order to enable increased of traffic. If the function of 
the tool fails with a greater traffic load than can be handled without the tool, the controller could become overloaded 
and may not be able to mitigate the system effects, resulting in rapid system degradation. This therefore creates the 
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possibility of a brittle system. The issue is further exacerbated by a lack of specification of risks that are generated by 
interactions through traditional design specification or risk assessments. This notion can only occur, and therefore be 
identified, through exploration of interactions between critical elements within the larger ATC system. However, 
current day system designs and risk assessments do not take into account interactions between system elements. 
Together, these points raise a serious risk for the design and assessment of future ATC systems. It is critical that 
technologies be designed to be functional under environments when controllers are dealing with the most workload. 
If this cannot be achieved, it must be clearly identified under what circumstances the tool will not be functional, so 
that targeted contingency plans can be developed by the operation.  

Many other examples of the relationships between categories of degradation were provided. Technological and 
environmental off-nominal events, including failure, emergencies, thunderstorms, are associated with increased 
controller workload ÒSometimes you can be having a ton of airplanes and you throw an unusual event in there that 
blows it off the chart. And then youÕve got to scramble as well as keep everything else under controlÓ (Participant 2). 
The two causes occurring simultaneously can interact to create a greater workload that if they occurred individually. 
Future systems must allow for these types of interactions so that controllers have the ability and flexibility to prevent 
impact on the system. 

Within  Categories  
Associations can occur between categories. Technology failure can be associated with other failures, although 

because of various redundancies, this was less common and reported infrequently by participants. The relationships 
between human factors were most frequently discussed. Relationships are often bi-directional, and factors can interact 
to produce a greater negative impact on performance. Table 5 presents the human factor associations that were most 
frequently discussed, with associated quotations from participants.   
   

Table 5 Examples of associations between human factors 

Workload and 
Stress 

Well, whenever your workload goes up your stress goes up. It kind of goes hand in hand 
(Participant 7) 

Teamwork and 
Trust 

ÒWorking with somebody that you know just so smooth. So easy going. You trust that guy. 
He trusts you. He trusts you to make the right decisions and he knows what to do as far as 
coordinationÓ (Participant 8) 

Teamwork and 
Workload 

ÒLow traffic teamwork really doesnÕt come into play. It is when the stress levels move up 
and the work is harder and there is more going on that is when the teamwork really comes 
into Ð into playÓ (Participant 8) 

Fatigue and 
Workload 

 I wouldnÕt want to go back into the pressure cooker you know what I am saying with a 
15-minute break. I wouldnÕt want to (Participant 10) 

Stress and 
Vigilance 

I think you wind up overlooking things, not noticing little variable that can turn into 
something worse later on because your mind is justÑ I guess when you are stressed 
(Participant 9) 

Workload and 
Vigilance 

somebody misses his turn and you are busy someplace else and meanwhile he has gone 
way past where he is supposed to go so now you are getting him back and trying to get 
him back quickly, so a couple of those and then it can just all start to snowball (Participant 
10) 

Fatigue and SA Sitting there at a busy radar sectorÉ my fourth shift of the week, I've already had the quick 
turn to the day, and then I came in, and I probably got out of bed at 3:30 that morning to 
come to work, and I'm on my fifth cup of coffee for the day, and I remember just feeling 
like I'm barely hanging on by my fingernails for dear life (Participant 9) 

Teamwork and 
Trust 

You have got to figure that at this point, the people higher up the food chain are doing 
whatever they need to do to number one get the problem fixed (Participant 10) 

 
Although these examples are not exhaustive of all associations that can occur, it does suggest the complexity of the 
relationships between human factors, as well as the possible interactions and associated impact on controller 
performance. By understanding these interactive mechanisms, mitigative strategies can be implemented prior to 
performance decline and performance related incidents.  
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system, determined through specification of the causes of degradation and the resulting system effect of factor 
interactions. Without acknowledging these elements, future systems may not have the ability to gracefully degrade. 

D.! Strategies to Prevent and Mitigate System Degradation 
The air traffic control system is well-defended from potential causes of degradation. Once a potential cause of 

degradation has been identified in the system, various mechanisms are available to mitigate the effects of the cause. 
However, when these mitigations are limited or inhibited, degradation can occur. Based on findings from the interview 
studies, the following mitigative strategies can be utilized at various stages to prevent or mitigate system degradation: 

1.! Pre-degradation prevention strategies 
2.! In-time prevention strategies 
3.! Strategies to recover the system once the system has degraded. 

Pre-degradation strategies are implemented prior to the occurrence of degradation, with a goal to prevent the 
occurrence of a potential cause or mitigate the effect so that the system will not be negatively affected. Examples 
include backup systems for technology, that are activated as soon as critical technologies fail, procedures, and training 
for air traffic controllers. The other categories of mitigative strategies are highly dependent on controllers. In time 
prevention strategies are applied by controllers in an attempt to mitigate the degradation cause and minimize impact 
on the system. If degradation to the system is unavoidable, controllers will also engage strategies to limit the 
degradation and recover the system. Therefore, the majority of strategies that mitigate negative effects on the system 
are highly controller-oriented. These results represent an extension to [3]Õs framework of graceful degradation, and in 
addition, address a gap in previous research regarding the specific mechanisms by which controllers protect and 
maintain the safety and efficiency of air traffic. The followings sections examine the three identified categories of 
mitigative strategies in more detail, based on responses from controllers.  
 
1.! Pre-degradation Prevention Strategies 

Pre-degradation strategies were mentioned throughout the interview, although the main focus of participantsÕ 
responses related instead to in-time strategies. Controllers reported several mechanisms that could prevent degradation 
and mitigate the impact of degradation. These strategies could be broadly categorized into mechanisms to prevent 
effects of technology decline, mechanisms to reduce environment complexity or the likelihood of environmental 
causes of degradation, and mechanisms to prevent performance decline in humans. For an extensive review of previous 
research on pre-degradation strategies, please refer to [3].  
 

Technology 
Backup systems for hardware were frequently mentioned as a contingency for failure of critical technological 

systems, ÒYou donÕt want to see a catastrophic failure. That there are safeguards that are built in that you have to 
rely on and you just pray that they come back up right away. ItÕs not fun.Ó (Participant 6). However, it was also noted 
that in some cases, the backups also fail or take time to activate. In these cases, controllers needed to rely on paper 
strips and procedural control, with reduced traffic. In addition, procedural contingency plans for technology failure, 
such as using radar only is ads-B failed, were referred to, but often these were reported to not reflect he exact situation 
that was experienced, resulting in interpretation of the implementation by human operators (including supervisors and 
controllers). 

It should be highlighted that since the findings are focused on the controllersÕ experience of mitigation strategies, 
technology backups were not reported prominently in the findings; however, technology backups are a critical feature 
of a resilient ATC system nevertheless. 
 

Environment 
In terms of mitigating potential environmental causes of degradation, responses were focused mostly on discussing 

airspace features, such as shape of airspace and crossing routes, ÒI think most airspaces are built so that you have a 
little bit of flexibility as far as being able to use somebody elseÕs airspace. ThereÕs some built-in buffer space between 
airspacesÓ (Participant 8). Mechanisms were focused on not so much a redesign of airspace, but mechanisms to 
enable the controllers to work around the constraints and restrictions.  Shorter-term mitigative strategies for weather 
were also reported, using weather reports to plan for poor weather in advance ÒIt makes our job a lot easier. In the 
sense that when weather comes, the plans are already in place as to what happensÓ (Participant 6). In future designs, 
designers should ensure to include some buffers into the airspace and traffic, rather than maximizing utilization in 
nominal operations, which results in a reduction of flexibility  to respond to environmental occurrences. 
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Human Operators 
Training was raised as a means to support controller performance in challenging situations. In addition to the 

rigorous training program to be a controller, there were also various training programs on degraded operations, such 
as a technology failure or weather ÒWe try and do refresher training before the rainy season starts and think about it 
a little bit but until you actually start doing it and get that timing againÓ (Participant 8). Training was viewed to have 
a positive impact and helped prepare controllers for challenging situations, mitigating potential human factor 
influences and decreasing response time through familiarity. Although facility-specific, another strategy for mitigating 
potential influence ion controller performance was to brief the controllers daily ÒOne facility worked out, when they 
had the morning briefing, they brought it back to you, and they told you, ÔHere’s what’s going to happen today, guysÕÓ 
(Participant 7). This information allowed controllers to prepare for events, and reduce the potential effect of expected 
events on the air traffic system. Controllers would control differently even before the event, such as creating standard 
flows or controlling more conservatively, in order to keep workload low when the event occurred. 
 
2.! In-time Prevention Strategies  

Controllers are active agents in the management and maintenance of the air traffic service system. Once 
identification of a non-optimal event or performance-influencing factor is detected, controllers apply a supportive 
strategy to mitigate the potential negative influence of the issue on the system, to support the maintenance of 
performance, and system safety and efficiency. These ÔIn-timeÕ strategies are applied dynamically, according to the 
needs of the current control environment.   

 
Commonalities Between Strategies: Time and Space 

In-time strategies differed by type, and the element of the system that was addressed. The compensation strategies 
that controllers apply are specific to the situation. For example, strategies to keep traffic separated in a thunderstorm 
were different to techniques used to respond to a communications failure. However, strategies appeared to have 
common goals of achieving more airspace to work with, and more time, ÒJust to give yourself more time, more space. 
You just do whatever techniques you got to fix itÓ (Participant 10). The more available airspace a controller has to 
work with, more ÔoutsÕ and backup options are available. Therefore, by engaging strategies that create space, 
controllers have more flexibility and available options to mitigate the situation. In addition, time allows controllers to 
build and implement new strategies based on the changing environment. The commonalities of the goals for many 
control strategies provides information about what controllers need in order to mitigate negative influences on the 
system, specifically, time and flexible use of airspace. This has particular implications for future systems which 
advocate increased precision and reduced flexibility, highlighting that further research is needed on the balance 
between increased precision and efficiency, and flexibility for controller to respond in-time to the dynamic 
environment.  
 

Strategies Are Learned Through Experience 
Compensation strategies are not formally taught, Òa lot of it becomes stuff you learned through your experience. 

Let’s say you try to train to developmentals. And they hear you, but they haven’t done it yet so they don’t really until 
they have to do it laterÓ (Participant 2). Therefore, strategies are primarily based on experience, Òwith time you know 
that hey, just because I’m focusing on him doesn’t mean I better stop looking at this too" (Participant 7). Because 
strategies are learned through experience, trainees and newly checked out controllers may be more limited in the 
strategies that they have available, creating vulnerability to performance influencing factors or negative system 
influences. Therefore, training on mitigation strategies may serve as a protective factor for controllers with minimal 
experience. Automation support could also contribute to training, providing increased advisories to trainees to 
highlight a building situation, or when a specific change in control strategy would be beneficial.  
 

Controllers Use Internal and External Indicators to Decide when to Change Control Strategies 
Controllers use indicators as information regarding when compensation strategies are needed. Indicators are 

learned through experience and can be external and observable or internal. For example, a controller who is feeling 
fatigued will control differently, such as increasing safety buffers, to minimize the potential effect of fatigue on 
performance. It is beyond the scope of this paper to review the indicators that controllers use. This finding has 
significant implications for future technologies which can ÔmonitorÕ controllers through psychophysiological 
measures. As indicators of performance-influencing factors and performance decline are increasingly specified, these 
indicators can be monitored. Changes in indicators such as heart rate, blink rate (fatigue, workload), percentage of 
time scanning outside areas of the sector versus inside the sector (contributing to information about situation awareness 
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and ÔtunnelingÕ) could be used provide information to ensure controller awareness, so that the controller may then 
mitigate these potential influences prior to performance or system decline.  
 

Use of Compensation Strategies are Dependent on Awareness  
When an influencing factor is present, performance may be protected by several ÔbarriersÕ (created from awareness 

and compensation strategies) before becoming vulnerable to factor influences. If an influencing factor occurs (e.g. 
fatigue) internal indicators such as feelings of discomfort may alert the radar controller and trigger the application of 
a compensation strategy. Performance may then be maintained. If an internal marker did not occur or was not detected, 
another opportunity to detect the issue may occur through observable indicators. However, if the controller is not 
aware of these indicators, protection of performance is dependent on a colleagueÕs (i.e. the D side) awareness. If 
neither controller notices an issue, participants suggested that performance is more likely to decline than if a 
compensation strategy was applied.  
 

Mitigation Strategies Associated with Technological Causes 
Controllers primarily mitigated the effects of technological causes of degradation by attempting to replace the 

function of the failed technology. For example, if a communication system failed, controllers would find a neighboring 
sector or control center that could take over communications and operations. Due to the unexpected nature of 
technological failures, controllers were primarily reactive. If critical equipment failed, such as radar or 
communications, controllers prioritized safety ÒIf tech fails there are two tasks that are imperative at that time. First, 
it's just to make sure that everyone is separated, and then I think that the second imperative is to try and get everyone 
out of the sectors as quickly as possibleÓ (Participant 11). If operating under degraded operations, such as with a 
secondary radar as opposed to primary, or loss of flight processing or data tag failures, controllers would change 
strategies to become more conservative, increase safety buffers, and go Ôback to basicsÕ.  

 
Miti gation Strategies Associated with Environment Causes 

There were many strategies that controllers identified to manage causes of degradation associated with the air 
traffic environment. Controllers reported a ÔhierarchyÕ of control strategies that were used to control traffic in off 
nominal situations. For example, in a constrained airspace environment, altitude separation is preferred, as the 
controller can be confident that aircraft are separated with minimal monitoring. If this is not possible, vectors are used 
to maintain separation, followed by speed and miles in trail. Controllers will also ÔborrowÕ some airspace from 
colleagues to gain more fallibility, however this strategy would only be used when many other options had been 
exhausted. Finally, as a last resort, a ground stop program can be implemented to stop further traffic from entering the 
airspace.   

 
Mitigation Strategies Associated with Human Operator Related Causes 

In general, controllers reported strategies to mitigate influences on human performance that were targeted either 
to mitigate the cause of the human factor influence (such as holding traffic in order to reduce workload) or mitigate 
the impact of human factor influences, such as the use of compensation strategies if feeling fatigued.  This process 
occurs both for controllers to support their own performance, and controllers who apply adaptive strategies to 
support their colleaguesÕ performance. 

The application of the compensation strategy can result in the maintenance of performance even when associated 
with negative factor influences. The experienced negative influence may therefore not be reflected in the controllersÕ 
performance even though the influence is present.  

E.! The Concept of a System Envelope 
Figure 3 is a conceptualization that aims to present a visual representation of the findings relating to interactions 
between degradation causes and the association with system performance. It should be emphasized that this is not a 
validated model, but a conceptualization only. It builds on the concept of a human performance envelope [8], applied 
to the wider ATC system. Its proposed that safety critical systems will have maximum ÔlimitsÕ or tolerance Ð beyond 
which, system decline is likely to occur. It is also assumed that the system will have an optimum level of performance, 
and beyond this, a margin of tolerance, beyond which system performance limits are reached. 
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Figure 3. The concept of a system envelope 

As identified in previous literature [3], and confirmed by the findings in the current study, causes of degradation 
can be broadly categorized into those resulting from technology, the environment or human operator. It is proposed 
that each of these component categories have an ÔenvelopeÕ, with an optimal operating level and performance limits. 
Each component category can also interact. For example, a technology failure, such as a critical failure of primary 
radar (without a backup) can be associated with higher workload and higher stress in controllers Ð moving beyond 
optimal operations in both categories. In this example, the environmental context could moderate the overall impact 
on the system. With low traffic, a controller may still be able to control procedurally, providing a control service to 
the airborne traffic, and maintaining system performance (with reduced traffic). However, if a radar failure were to 
occur in a high traffic scenario, the controller may not have the time or capacity to provide a service to the aircraft 
without further support from colleagues or supervisors, increasing the risk that a performance limit may be reached. 
In another example, a non-optimal event in the environment, such as an emergency or a thunderstorm, is likely to raise 
the workload of the controller. Depending on the context of the event, if the task demand and complexity was low at 
the time of the event, controller workload may not rise beyond capacity. however, if the controller was working a 
highly complex situation with many aircraft, and an emergency occurred, the additional task demand could push the 
controller to the limits of performance, if the additional taskload cannot be offloaded quickly. Although these are 
examples, it should be emphasized that it is the resulting combination of these interacting components that could 
provide insight into the system envelope, and the risk of reaching the limits of the system tolerance, leading to potential 
system decline. It is therefore essential to consider each element, and the interactions between them, to understand 
when the system is most at risk. In addition, by investigating and identifying the underlying relationships between 
these components, and the association with the effect on the wider system, a trade space for ATC system designers 
can be developed, so that future systems can be designed to stay within system tolerance limits when degradation 
causes occur. 

IV.Discussion 

The presented findings identified frequently reported causes of degradation, and prevention and mitigation 
strategies in the ATC system, based on controllersÕ experience. Reported findings have implications for designers of 
future ATC tools and systems, as well risk assessment and validation of future technologies. 

Several of the findings that are discussed below can be argued to be Ôcommon senseÕ, or that are colloquially 
known, such as the importance of the role of the ATCO in achieving graceful degradation of the system, or that other 
causes of degradation apart from technological causes can negatively impact the ATC system. However, the specifics 
of such findings have been underrepresented in the research literature, enabling the current study to address these 
research gaps by specifying the degradation causes, and mechanisms by which controllers prevent and mitigate 
degradation in the ATC system and the requirements for these strategies to be implemented. 
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consideration of interactions between causes and prevention mechanisms, and as a result, cannot be mitigated or 
prevented. By further understanding the relationships that can occur, predictions can be made regarding when 
degradation is most likely. Findings from this study provided an initial step to explore the relationships between these 
causes of degradation. Future research should further investigate interactions and relationships between degradation 
causes and association with controller performance and system effect. 

Functional failure. An example of the potential consequences of interaction relationships was termed as 
Ôfunctional failureÕ of ATC tools. This terminology descried a situation in which the tool was operational, but due to 
interactions with other systems or variables, the function and purpose of the tool was inhibited. Functional failure has 
the same potential consequences as actual failure of the tool (as the function is removed) but without the visibility of 
the tool actively failing. Potentially, mitigations or contingency plans may not be implemented. This is important, as 
controllers could then need to control without the tool, with levels of traffic that are calculated based on the assumption 
that the tool is functional. Depending on the function of the tool, and the benefits that it provides (such as reducing 
workload), functional failure may have a negative impact on controller or system performance. Functional failure may 
be prevented through prior identification of the potential interactions that could inhibit a toolÕs function. However, the 
potential of functional failure can only be identified through the assessment of interactions between the tool and other 
variables in technology, the environment and human operator. Assessment methods do not often take into account 
such interactions, resulting in a lack of identification and guidance of potential issues resulting from interactions. 
Future research should provide guidance for system designers and assessors to identify potential interactions that could 
result in Ôfunctional failureÕ so that these occurrences can be prevented, or mitigated through contingency plans.  
 System envelope and implications. The implications of interactions between degradation causes on the overall 
system were represented using the concept of a system tolerance envelope. The representation has not been validated 
and is only intended to be used as a visualization of findings; however, it provides a presentation of the association 
between interaction relationships and the overall effect on the system. The concept suggests that a single component 
failure, unless critical to the provision of control, is unlikely to create a system impact to the extent that system limits, 
or tolerances, are reached. However, the combination of several ÔfailuresÕ, or degradation causes, can combine to 
potentially create a compound effect, potentially pushing system performance to, or beyond, tolerance limits. Future 
research should continue to investigate interaction relationships, and provide specification of the limits of each 
component: technology, environment, and human performance envelope [8], as well as system tolerance limits. 
Further identification of these interaction relationships, and system tolerance limits, could allow the design of a trade 
space for designers so that system performance remains within envelope limits, regardless of the context of the control 
situation. Future system design must take into account the overall tolerance envelope of the ATC system to guide 
designers to create the ability for graceful degradation and resilience of future ATC systems.  

V.Conclusion 

  The current research had four specific aims. First, the research aimed to investigate causes of degradation in ATC 
(across all categories of technology, environment, and human) and the association with controller performance and 
the ATC system. A second aim was to investigate the relationship, and potential interactions, between triggers of 
degradation across the technology, environment and human operator categories, and the association with controller 
performance. The research also aimed to inform fundamental understanding of prevention and recovery of degradation 
in the current ATC system, with a specific focus on the contribution of ATCOs. A final aim was to inform 
understanding of the factors that could negatively affect the ability of an ATCO to prevent degradation or recover a 
degraded system. 
 Each aim was addressed and associated with findings with implications for both safety critical risk assessment and 
future design of air traffic systems. The influence and importance of interactions in the ATC system cannot be 
underestimated. However, previous research on interactions and the associated influence on performance and the 
wider system is sparse. Further research must be completed to fully specify the interactions that can create most risk 
to the ATC system, and how to predict and mitigate interaction effects. In addition, methodological should be 
developed to assess risk of interactions occurrences and effects. 
 With the vision of future ATC systems to increase precision and reduce flexibility (such as TBO), findings also 
have important implications for future system design. By providing designers with the principles of system tolerances 
Ð developed from understanding of degradation causes, interactions, and imitation mechanisms, a trade space could 
be developed to support designers in developing systems that operated within system tolerances, and are capable of 
graceful degradation. 
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prepare for the event. Control strategies could be developed, and preemptive plans, such as flow restrictions, put in 
place in order to continue safely and efficiently managing air traffic. An occurrence that was expected but sudden, 
such as a thunderstorm that had been incorrectly predicted, would be likely to have a greater impact. Although control 
plans may have been prepared, controllers would need to respond immediately to the unexpected change in the ATC 
environment. The availability of a pre-prepared plan may mitigate the impact of the sudden occurrence however, ÒWe 
knew it [thunderstorm] was coming but it came sooner than we were planning. There will already be a contingency 
planÓ (Participant 6). An occurrence that is unexpected and gradual, such as an unpredicted traffic build up, would 
require a controller to build an accurate picture of the situation, and a control strategy, for the changing situation. 
However, as noted previously, the buildup of an occurrence still provides valuable seconds for a controller to develop 
and implement a plan whilst still maintaining situation awareness. The reported causes that placed the most immediate 
demand on ATCOs were causes that were both unexpected and sudden, such as an equipment failure or aircraft 
emergency. The ATCO must react to the situation, whilst trying to rebuild situation awareness (SA) and maintain 
safety and efficiency of air traffic. A cause occurrence with these qualities may therefore be more likely to negatively 
influence ATCO performance and potentially, performance-related incidents. 
 
 

 
 

Figure 2 Quadrant representation of causes of degradation 
 

Duration. The duration of a cause occurrence also modifies the resulting impact on the system, both by directly 
impacting the air traffic service provision, and indirectly, by influencing controller state. When the occurrence is short 
in duration, there is an opportunity to recover the provision of air traffic services without an observable effect on safety 
or efficiency. This is less likely in occurrences of longer duration. In addition, occurrences longer in duration can 
differentially influence a controllersÕ state. Longer durations of high workload can result in depleted cognitive 
resources, associated with performance decline, which may be less likely in events of shorter duration, “I am glad it 
didn’t go that long. Because that would have been a lot of work. When things break. Or the weather gets badÓ 
(Participant 10).  
 
4. A Note on Interaction Relationships 

Interactions between and within degradation causes were reported to be frequent, as were interactions of primary 
causes with moderating variables, such as the level of traffic and complexity at the time of the occurrence of the cause, 
and airspace features. Specific interactions between elements of the ATC system are discussed in detail in section C. 
However, it is relevant to mention here that interactions between causes and mitigations of degradation also result in 
a modification to the relationship between primary cause and resultant effect on ATCO state and the wider ATC 
system. 
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5. Implications 

In summary, the relationship between a degradation cause and the effect on the ATC system is complex and 
moderated by many variables. These results demonstrate the importance of viewing the causes of degradation in the 
context of the wider system and environment, as identifying only causes does not fully inform the system effect. These 
findings have important implications for ATC system designers. Designers must create systems that can tolerate causes 
of degradation and the associated effects on both the controller and the wider ATC system, including the flexibility to 
allow controllers to respond dynamically in order to mitigate effects on the ATC system.  

B. Frequently Reported Causes of Degradation   
The following sections describe the causes of potential degradation that were most frequently reported by 

participants. Although previous studies have documented potential causes of degradation, there is a lack of 
comprehensive knowledge of the potential degradation causes or risk factors in the ATC system as a whole [3]. ATCOs 
are particularly well-placed to provide information to address this gap due to their experiences of potential causes of 
degradation and the active mitigation of these causes. By understanding the potential risk factors that could lead to 
degradation it is possible to identify and mitigate risks to future ATC systems. 
 
1. Equipment and Tools: Causes of Degradation 

Benefits of Technology  
All controllers volunteered information on the benefits of equipment and tools for the provision of a safe and 

efficient air traffic service. Automated tools were frequently reported to reduce workload and support ATCO 
performance. As one participant stated, ÒAnything the automation does that allows you to keep your eyes and ears in 
focus on the traffic is goodÓ (Participant 3). Another controller highlighted how essential equipment at tools are to 
the air traffic control service through describing failures in tools: ÒWhenever anything fails...itÕs going to make things 
more difficultÓ (Participant 9). 
 

Reported Examples of Prevalent Technology-Related Issues That Can Causes System Degradation 
Table 1 lists frequently reported causes of degradation in the ATC system. This list does not contain all causes of 

degradation, but those that controllers raised most frequently. Causes could be subcategorized into different proposed 
groupings. The proposed categories are not definitive but are intended to represent differences between different 
technology-related causes of degradation. 

 

Table 1 Examples of technological causes of degradation 

Total equipment and tool 
failure 

Radar primary, secondary 
Radio Transmitter/receiver 
Internal communication/phonelines 
Issues with aircraft VHF radio 
Weather prediction tool failure 

Degraded technology Flight plan data partial or complete failure 
Callsign failure (just leaving radar target) 

Limitations of automated 
tools 

Conflict probe and alert  
Auto hand-off 
Sequencing tools 
Inadequate design for human use  

Technology resulting in a 
loss of flexibility 

ÒIn those situations where you need to have 
that flexibility and adjustment, sometimes it 
isnÕt thereÓ (Participant 6). 

Indirect concerns 
resulting from automation 

Skill degradation 
Complacency 
Future traffic increases 
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Failure of equipment or tools included examples of critical equipment such as radar and communications failures. 

Equipment failures are highly visible and well documented in the literature. Another category of technological cause 
of degradation was limitations to automation; the tool worked as designed, but the tool may not function optimally in 
specific environments. For example, the conflict probe and alert tool is an automated safety tool that indicates when 
two or more aircraft are on a trajectory to lose separation minima. Controllers acknowledged the tool can support 
safety, Òthere are times when you forget something. You know it is there. But you just forgot about it. You have this 
Conflict AlertÓ (Participant 6). However, several controllers criticized the tool for not being useful in an environment 
with a lot of climbing and descending traffic, such as TRACON. Due to the parameters for when the alert should 
occur, the tool Òis just constantly going off it is not much help and you tend to tune it outÓ (Participant 10). This can 
lead to distraction, as well as the controller ignoring a real alert. This finding highlights the importance of tool 
reliability, Ò If it doesnÕt work we just say forget it. ItÕs unreliableÉUntil someone proves to me that itÕs going to work 
IÕm not going to base my career on accidentally running an airplane into another guyÕs sectorÓ (Participant 7).  

A general concern was raised by several controllers that more automated tools do not allow for the flexibility 
needed to respond dynamically to changes in the air traffic environment, exacerbating workload and potentially 
limiting the strategies available to mitigate effects of a degradation cause, ÒSoftware engineers theyÕre designing the 
routes and theyÕll say, well, heÕs doing 160 knots and thatÕs this many miles per minute and descending at this rate, 
so if he gets here then this guy should only be here. [But] thereÕs weather, thereÕs emergencies, thereÕs pilot errorsÓ 
(Participant 7). Finally, controllers raised concerns that automated tools could indirectly affect the system through 
issues of skill degradation and complacency, highlighting the importance of training to maintain skill and contingency 
plans. Several controllers also raised concerns regarding the influence of technology of future traffic levels. With 
increased automation and predictability, increased traffic levels are possible due to workload reduction. However, a 
concern was raised relating to whether controllers would be able to manually control the higher traffic levels if the 
automation failed, ÒEverything is working fine and dandy and then it doesnÕt work. Can you keep up with the inter-
phone, radio calls, and I still have to talk to the people around meÓ (Participant 7). The severity of the impact of 
technological causes on the ATC system appeared to be influenced by the function of the technology, ÒAny tool, if 
youÕve got a tool that youÕre working with and youÕre relying on it to do something for you, if it fails it make things 
harderÓ (Participant 2).  
 
2. Environmental Causes of Degradation 

Participants reported that unexpected occurrences happen frequently in the control environment, and usually with 
specific nuances. For example, an aircraft emergency could take multiple different forms. However, in broad terms, 
the most common environmental events that were reported to have the potential to result in system degradation were: 

• Weather  
o Thunderstorms 
o Turbulence 
o Fog (Tower only) 

• Aircraft emergency 
• Pilot requests 

Causes could directly impact the air traffic control service, for example, an aircraft emergency on a runway that delays 
arrival traffic, or indirectly, through associations with performance-influencing factors. For example, during a 
thunderstorm, controllers often allow pilots to deviate around the weather at their discretion, and from this, attempt to 
create a new route for aircraft to follow. This reduced-control situation results in increased monitoring and workload; 
ÒThey say we want to deviate left. When they say deviate left, now I’m really having to focus on that... How far is he 
going to go before he gets back on this normal routeÓ (Participant 5). Although these causes were the most frequently 
discussed, participants emphasized that the occurrence of one of these events does not necessarily result in a negative 
impact on the safety or efficiency of the ATC system. The causes themselves had different characteristics and could 
differ in severity. For example, a thunderstorm which is large and covers multiple altitudes has a greater impact on 
controller workload and efficiency of traffic than smaller, more localized thunderstorms ÒIf thereÕs severe turbulence 
and you only have one smooth altitude, everybodyÕs going to want to be at that smooth altitudeÓ (Participant 2). In 
addition, several ÔbackgroundÕ environmental variables were identified that moderated the complexity of the traffic 
situation. Many of the reported variables related to increased complexity or airspace constraints. Table 2 lists some of 
these factors as noted by controllers. 
 

Table 2 Environment factors that moderate traffic complexity  


